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Swine hepatitis E virus (HEV) is a newly identified potentially zoonotic agent that is possibly transmitted to
humans from pigs. Swine HEV is prevalent in pig populations and does not cause abnormal clinical symptoms
in infected pigs, further implicating a likelihood of a risk of transmission to humans by normal contact. To date
in North America, only one strain of swine HEV (strain US swine) has been fully sequenced. In the present
study, we identified a swine HEV isolate from pigs in Canada, designated the Arkell strain, and determined the
full length of the genomic sequence. The genome of Canadian strain Arkell consisted of 7,242 nucleotides,
excluding the poly(A) tail of at least 15 A residues. The genome contained three open reading frames (ORFs),
ORF1, ORF2, and ORF3, which had coding capacities for proteins of 1,708, 660, and 122 amino acids,
respectively. Comparative analysis of the full-length genomic sequence indicated that the sequence of strain
Arkell was distinct from those of all other known HEV isolates by 13 to 27% and shared the highest degrees
of identity with human HEV isolates US-1 and US-2, HEV isolate US swine, and the human and swine HEV
isolates recently isolated in Japan. On the basis of sequence similarities and phylogenetic analyses, HEV strain
Arkell was grouped into genotype 3. The sequence of the Arkell swine HEV isolate differed from those of HEV
isolate US swine and HEV isolate Japan swine by 13 and 14%, respectively. To date, two isolates of swine HEV
(isolates Arkell and SK3 [D. Yoo et al., Clin. Diagn. Lab. Immunol. 8:1213-1219, 2001]) have been identified
in Canadian pigs, and their sequences also differ from each other by 11.8%. Our studies indicate that, as with
human HEV strains, swine HEV isolates exhibit extensive genetic heterogeneity.

Hepatitis E is one of the six recognized types (types A, B, C,
D, E, and G) of viral hepatitis in humans. Among the six types,
hepatitis E is known as food-borne, waterborne hepatitis, as it
is believed to be transmitted primarily by the fecal-oral route
via contaminated food or water. The clinical features of hep-
atitis E include jaundice, anorexia, nausea, and hepatomegaly.
The mortality rate among those with hepatitis E is reported to
be 1 to 3%, whereas it is 0.3% among those with hepatitis A;
but unlike hepatitis B and C, recovery is almost always com-
plete, without progression to a chronic state. Hepatitis E has
been reported to be severe in pregnant women, with high rates
of fulminating hepatitis and a case fatality of up to 20% (for
reviews, see references 20 and 27). A recent study indicates
that the mother-to-infant transmission rate is nearly 100% (12),
suggesting congenital infection with hepatitis E virus (HEV).

HEV, the etiological agent of hepatitis E, is a small nonen-
veloped virus with a single-stranded positive-sense RNA ge-
nome of approximately 7.2 kb (9, 26, 29). The virus was initially
considered a member of the family Caliciviridae, but on the
basis of phylogenetic analyses of the genomic sequences, it was
recently removed from that family and was reassigned to an
unclassified genus termed “hepatitis E-like virus” (2). HEV is
endemic in areas of Asia, South America, the Middle East, and
Northern and Western Africa. Genomic similarities and
phylogenetic studies of viruses isolated from these countries
indicate that HEV strains can be grouped into two distinct

genotypes: the Asian genotype and the Mexican genotype. In
contrast, HEV has been considered absent from countries in
Western Europe, Oceania, and North America (the United
States and Canada), and the clinical cases of hepatitis E re-
ported in these countries have primarily been known to be
associated with travel to areas of endemicity. Recently, at least
three HEV strains have been isolated in the United States
from three human patients with acute hepatitis E (5, 11, 21,
28). The sequences of the viruses recovered from these pa-
tients appear to diverge substantially from those of all other
known human HEVs. Subsequently, additional HEVs have
been identified from hepatitis E patients in countries where
HEV is not endemic (Greece [22], Italy [37], Spain [19], Japan
[25], Austria [32], and Argentina [23]), and accordingly, their
partial sequences have become available. Limited available
information suggests that these viruses form a genetically sep-
arate group distinct from the two known classical types of
HEV.

In parallel with these studies, an HEV strain has been iso-
lated from pigs in the United States (16). This swine form of
HEV is divergent from the two classical types of human HEV,
with sequence identities of only 74%, but it appears to be
rather similar to newly isolated human HEV strains US-1 and
US-2, with 91% sequence identities. The swine form of HEV
has subsequently been identified in pigs in other countries such
as Taiwan, Spain, Japan, and New Zealand (6, 7, 8, 18, 19).
Accordingly, our initial interest was to examine Canadian
swine herds for the prevalence of antibodies to HEV. Our
study indicated that a high percentage (up to 80%) of pigs on
Ontario farms became seropositive for antibodies to HEV by 6
months of age (36). Subsequent identification of the viral se-
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quence from feces and sequencing of a small region in open
reading frame (ORF) ORF2, which represents nucleotide po-
sitions 5620 to 5880 with respect to the genome of the U.S.
swine HEV isolate (strain US swine), showed that the se-
quence identity between the Canadian swine HEV strains iso-
lated in the province of Saskatchewan and HEV strain US
swine was only 85.8% (36). This suggested that HEV strains
circulating in pigs in Canada might represent a genetically
distinct branch of swine HEV. The limited available partial
sequence information of these swine HEV strains isolated
from pigs in different geographic regions suggests that the
swine HEV strains may be genetically divergent from the pro-
totype swine HEV strain isolated in the United States, strain
US swine (36). In these regards, we examined an HEV isolate
from pigs in Canada and determined its full-length genomic
sequence. Our study reveals that the swine HEV strain isolated
in Canada is significantly divergent from other known swine
HEV strains, confirming that genetic variations exist among
swine HEV strains.

MATERIALS AND METHODS

Fecal specimens and extraction of RNA. Fecal specimens were collected from
3- to 4-month-old pigs housed in the Arkell Research Station of the University
of Guelph, Guelph, Ontario, Canada. The fecal materials were diluted to a 10%
(wt/vol) suspension in phosphate-buffered saline, and the suspensions were cen-
trifuged in a bench-top clinical centrifuge (model TJ-6; Beckman Instruments) at
3,000 rpm for 10 min at room temperature. The supernatant was collected and
aliquoted for storage at �70°C until use. Viral RNA was extracted from a 100-�l
aliquot of the 10% fecal suspension by using TriZol (Invitrogen Canada Inc.,
Mississauga, Ontario, Canada) according to the instructions of the manufacturer,
and the entire amount of RNA was subjected to cDNA synthesis.

Reverse transcription reaction and PCR. The oligonucleotide primers used for
synthesis of cDNA and PCR amplification were purchased from Sigma Genosys
(Austin, Tex.). The first strand of cDNA was synthesized at 42°C for 2 h with 200
U of Superscript II RNase H-reverse transcriptase (Invitrogen) in the presence
of 10% dimethyl sulfoxide (DMSO). A 30-�l PCR mixture with 3 �l of the
synthesized cDNA and an external set of forward and reverse primers was
prepared. The first-round PCR was carried out for 35 cycles of denaturation at
94°C for 1 min, annealing at 50°C for 1 min, and extension at 72°C for 3 min. At
the end of the first-round PCR, 3 �l was taken to prepare a 30-�l reaction
mixture for the second-round PCR with an internal primer set. The second-
round PCR was carried out for an additional 35 cycles of denaturation at 94°C
for 45 s, annealing at 55°C for 45 s, and extension at 72°C for 2 min. The
nucleotide sequences at the 5� and 3� termini of the genome were determined
with the 5� RACE and 3� RACE kit (Invitrogen) according to the instructions of
the manufacturer. To clone the hypervariable region in ORF1 and the region in
ORF3 with high G�C contents, PCR was performed in the presence of 10%
(vol/vol) DMSO and/or by using 0.5 M GC-Melt (Clontech Laboratories Inc.,
Palo Alto, Calif.). The PCR conditions for amplification of the different regions
were slightly variable, depending on the success of the amplification and opti-
mization of the conditions. For sequencing, the amplified product was purified by
use of the GeneClean kit (Bio 101, San Diego, Calif.) and was sequenced directly
or cloned into the pTrueBlue vector (Bio/Can Scientific, Mississauga, Ontario,
Canada), followed by sequencing of the plasmid DNA. Nucleotide sequences
were determined by PCR-based automatic dideoxy cycle sequencing (Perkin-
Elmer, Norwalk, Conn.) at the Guelph Molecular Supercentre, University of
Guelph.

Sequence analysis. Nucleotide sequences were assembled and analyzed with
the OMIGA software program (version 2.0; Oxford Molecular Inc., Madison,
Wis.) and VectorNTI software (Informax, Inc., Gaithersburg, Md.). Phylogenetic
trees were constructed by maximum parsimony methods with the aid of the
PAUP software package (version 3.1.1) by using the unrooted dendrogram
option. Confidence for the grouping in the trees was assessed by the bootstrap
method (100 replicates). The consensus trees were viewed by using the TREE-
VIEW program. The sequences of the following strains were retrieved from
GenBank (the accession numbers are given in parentheses) and were used for
comparative analysis of HEV genomic sequences: Argentina-1 (AF264009), Ar-
gentina-2 (AF264010), Austria (AF279122), Burma (M73218), Canada swine

SK3 (AF347692), China-1 (L25547), China-2 (AF082093), China-15 (M94177),
New Chinese (AJ272108), Greece-1 (AF110391), Greece-2 (AF110392), India-1
(X99441), India-2 (X98292), Italy (AF110387), Japan (AP003430), Japan swine
(AB073912), Mexico (M74506), Netherlands swine 15 (AF336000 and
AF332620), Netherlands swine-22 (AF336291 and AF336002), Netherlands
swine-50 (AY032758 and AF336006), Netherlands swine-105 (AF336298 and
AF336013), Netherlands swine-36 (AF336293 and AF336004), Netherlands
swine-82 (AF336009), Netherlands swine-85 (AF336295 and AF336010), Neth-
erlands swine-122 (AF336299 and AF336014), New Zealand swine (AF200704
and AF215661), Spain-1 (AF195061 and AF195064), Spain-2 (AF195062 and
AF195065), Spain swine (AF195063), Pakistan (M80581), Taiwan-1 (AF117275),
Taiwan-2 (AF117277), Taiwan-3 (AF117279), Taiwan swine-1 (AF117280), Tai-
wan swine-2 (AF117281), US-1 (AF060668), US-2 (AF060669), US swine
(AF082843).

Nucleotide sequence accession number. The full-length genomic sequence of
HEV strain Arkell reported in this study has been deposited in the GenBank
database under accession number AY115488.

RESULTS

Full-length genomic sequence of swine HEV strain Arkell.
Previous studies have suggested that a genetic heterogeneity
might exist in swine HEV strains, as is observed in human
HEV strains. To examine the possible genetic variations in
swine HEV strains, we attempted to determine the full-length
genomic sequence of HEV using a selected HEV isolate. We
recovered a virus from the feces of pigs housed at the Arkell
Research Station of the University of Guelph and named it
strain Arkell. The pigs housed at the Arkell Research Station
were considered specific pathogen free. Using a total of 30 sets
of primers and two rounds of consecutive PCRs for each set of
primers, we were able to obtain the full-length genomic se-
quence of the Arkell swine HEV strain. The full-length
genomic sequence of strain Arkell was determined to be 7,242
nucleotides, excluding the polyadenylated tail at the 3� termi-
nus of the genome. The organization of the viral genome
consisted of a 5� untranslated region (UTR) at nucleotide
positions 1 to 26, ORF1 at positions 27 to 5150 in the �3
frame, ORF3 at positions 5150 to 5515 in the �2 frame, ORF2
at positions 5188 to 7167 in the �1 frame, and a 3� UTR at
positions 7168 to 7242, followed by a poly(A) tail of at least 15
A residues.

(i) 5� UTR. The 5� UTR was relatively short, with only 26
nucleotides. The 5�-terminal sequence of strain Arkell was
identical in length to that of HEV strain US swine, but it was
9 nucleotides shorter than that of human HEV strain US-2.
Among all known HEV strains of human and swine origin,
strain US-2 is the only HEV strain that contains the extra 9
nucleotides, and the significance of this extra sequence remains
unknown. The HEV genome originating from the swine spe-
cies, including the Arkell virus, started with a G residue,
whereas most other HEV strains of human origin contained an
extra A nucleotide in front of the G, and thus, A was the first
nucleotide of the genome.

(ii) ORF1. ORF1 of the Arkell virus consisted of 5,124
nucleotides capable of coding for a protein of 1,708 amino
acids. When the Arkell virus sequence was aligned to the
sequences of other HEV isolates, the Arkell virus sequence
was found to be identical in length to that of HEV strain US
swine. During the course of cloning and sequencing, the hy-
pervariable region of ORF1 and the overlapping region of
ORFs 2 and 3 tended to generate inconsistent sequencing
results. To eliminate the possibility of a cloning artifact, we
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attempted various protocols, which included an increase in the
reaction temperature to 50°C for reverse transcription, addi-
tion of DMSO, and the use of GC-Melt (Clontech Laborato-
ries Inc.). GC-Melt has successfully been used for the cloning
and sequencing of GC-rich regions in HEV (31). Heating of
the mixture of the RNA template and primers to 95°C with or
without 30% DMSO prior to the reverse transcription reaction
did not improve the conditions that possibly resulted in a
cloning artifact, but inclusion of 0.5 M GC-Melt resulted in a
larger fragment, regardless of whether the disassociation tem-
perature was 70 or 95°C or whether 30% DMSO was absent or
present. Under our defined conditions, a fragment of identical
size was consistently produced, and each fragment from indi-
vidual reactions was sequenced and identical results were ob-
tained. On the basis of these observations, we concluded that
HEV strain Arkell contained no major deletion or addition in
the hypervariable region in comparison with HEV isolate US
swine. A triplet codon of GTT (glutamic acid) present in the
HEV strain US swine sequence at nucleotide positions 2193 to
2195 was found to be deleted in the Arkell strain. Instead,
another triplet codon of CCG (serine) was inserted at positions
2361 to 2363 in the Arkell virus, resulting in an ORF1 se-
quence of identical size between strain US swine and the Ca-
nadian swine HEV isolate (Fig. 1). The biological implication
of the hypervariable region remains unknown.

Pairwise comparisons of the full-length genomic sequence of
the Arkell virus and those of HEV strain US swine, HEV strain
Japan swine, and the two U.S. human HEV isolates indicated
that sequence identities fell within the range of 85 to 87%
(Table 1). The identities of the Arkell virus sequence with the
sequences of the genotype 1 (Asian type) and genotype 2
(Mexican type) human HEV isolates were much lower (70 to
72%) (Table 1). At the amino acid level, the similarities of the
ORF1 amino acid sequence of the Arkell virus with those of
genotypes 1 and 2 were 80 to 81%, and the amino acid se-
quence similarities with those of isolates US swine and Ja-
pan swine were 95 to 96%. The motifs predicted within the
ORF1 protein were all conserved in the Arkell virus, which
included the putative nucleoside triphosphate-binding domain
(GVPGSGKS), the DEAP motif in the putative helicase re-
gion, and the GDD motif in the RNA-dependent RNA poly-
merase.

(iii) ORF2. ORF2 of the Arkell virus consisted of 1,980
nucleotides and was predicted to code for a protein of 660
amino acids. This was identical in size to those of the U.S.
human HEV and Burmese human HEV isolates but was 1
amino acid larger than that of the Mexican strain (which is 659
amino acids). When the Arkell strain ORF2 amino acid se-
quence was compared to those of three newly isolated Chinese
HEVs (7, 8, 31), the ORF2 sequence was 12 amino acids
smaller and 8 amino acids larger, depending on the frames of
the isolates (672 and 652 amino acids, respectively). Pairwise
comparisons showed that the Canadian Arkell virus had only
88 to 89% and 78 to 80% nucleotide sequence identities with
the U.S. human HEV isolates and other known classical types
of HEVs, respectively (Table 2). The similarities appeared to
be much higher at the amino acid sequence level (97 to 98%
and 91%, respectively). For ORF2, changes occurred mostly in
the third positions of codons, resulting in 97% amino acid
sequence identity. In comparison with HEV strain US swine,
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most changes (11 of a total of 16 changes; 68%) appeared to
occur in the overlapping region of ORFs 2 and 3. Although
potentially hypervariable regions of 15 and 17 amino acids
were identified when HEV strain US swine was compared to
the prototype human HEV Burmese and Mexican isolates,
respectively (9, 26), the Arkell virus sequence was different
from the HEV strain US swine sequence by a single amino acid
within this region.

(iv) ORF3. ORF3 of the Canadian Arkell virus was 366
nucleotides in length and was predicted to code for a protein of
122 amino acids. Compared with the ORF3 sequences of Asian
and Mexican strains of HEV, both of which encoded a protein
of 123 amino acids, isolates Arkell and US swine appeared to
have a deletion of 3 nucleotides immediately following the
AUG start codon. This caused one amino acid deletion in the
ORF3 protein, resulting in a protein coding for 122 amino
acids. The pairwise comparisons of the nucleotide and deduced
amino acid sequences indicated that the ORF3 gene was more
conserved than other genes at the nucleotide level but that it
was more variable at the amino acid level. The Arkell virus

shared 93 to 95% and 83 to 85% identities at the nucleotide
level with the U.S. HEV strains (both human and swine
strains) and all other known classical types of HEV isolates,
respectively (Table 2). At the amino acid level, the identities
were 94 to 96% and 77 to 81%, respectively (Table 2).

(v) 3� UTR. The Arkell virus contained a 3� UTR identical in
length (75 nucleotides) to those of the U.S. (both human and
swine) HEV isolates. This region was, however, variable in
both length and sequence compared to those of other classical
HEV isolates. There was an insertion of 7 nucleotides when
the sequence was aligned to that of the Burmese isolate and a
deletion of 2 nucleotides when the sequence was aligned to
that of the Mexican isolate (Fig. 2). Comparisons of the 3�
UTR sequences indicated that the Arkell virus sequence
shared 83 to 84% and 73% identities with those of the U.S.
isolates (both human and swine) and the two classical types of
HEV, respectively.

Phylogenetic analysis. The full-length genomic sequence of
Canadian HEV strain Arkell was compared to those of other
known HEV isolates including genotype 3 viruses. As of this

TABLE 1. Pairwise comparisons of the full-length nucleotide sequence and the nucleotide and deduced amino acid sequences of ORF1

Strain

% Identitya

Canadian
swine

US
swine US-1 US-2 Japan

swine Japan Mexico New
Chinese Burma China-1 China-2 India-1 India-2 Pakistan

Canadian swine 87 87 87 86 86 73 74 74 73 73 73 74 73
US swine 87 (96) 91 91 87 87 74 74 74 74 74 73 74 74
US-1 87 (95) 91 (97) 91 87 87 74 75 74 74 74 73 74 74
US-2 86 (95) 91 (97) 92 (97) 87 86 73 74 73 73 73 73 73 73
Japan swine 85 (95) 86 (97) 86 (96) 86 (96) 89 73 75 74 74 74 74 74 74
Japan 85 (95) 86 (96) 86 (96) 86 (96) 88 (96) 73 75 74 74 74 73 74 74
Mexico 72 (81) 73 (81) 71 (81) 72 (81) 72 (82) 72 (82) 73 75 75 75 74 75 74
New Chinese 71 (84) 73 (84) 72 (84) 73 (84) 73 (85) 73 (84) 72 (81) 74 74 74 74 74 74
Burma 71 (81) 72 (82) 71 (81) 71 (81) 71 (82) 72 (82) 73 (83) 73 (82) 93 93 96 93 93
China-1 71 (81) 72 (81) 71 (80) 72 (80) 72 (81) 72 (81) 73 (82) 72 (82) 93 (98) 98 92 94 98
China-2 70 (82) 72 (82) 71 (81) 72 (81) 71 (83) 72 (82) 73 (83) 72 (80) 93 (96) 98 (98) 91 93 98
India-1 71 (80) 71 (80) 71 (79) 71 (79) 71 (80) 71 (81) 72 (81) 72 (80) 95 (96) 91 (95) 91 (94) 92 91
India-2 71 (82) 73 (82) 72 (81) 72 (81) 71 (83) 72 (82) 73 (83) 72 (82) 93 (98) 93 (98) 93 (96) 91 (95) 93
Pakistan 71 (82) 72 (82) 72 (81) 72 (81) 72 (82) 72 (82) 73 (83) 72 (82) 93 (98) 99 (99) 98 (97) 91 (95) 93 (98)

a The values represent the percent identities of the full-length nucleotide sequence (above the diagonal) or the ORF1 nucleotide and amino acid (in parentheses)
sequences (below the diagonal).

TABLE 2. Pairwise comparisons of the nucleotide and deduced amino acid sequences of ORFs 2 and 3

Strain

% Identitya

Canadian
swine

US
swine US-1 US-2 Japan

swine Japan Mexico New
Chinese Burma China-1 China-2 India-1 India-2 Pakistan

Canadian swine 88 (97) 89 (97) 89 (98) 89 (97) 89 (98) 78 (91) 79 (91) 80 (91) 79 (91) 79 (91) 79 (91) 79 (91) 79 (91)
US swine 94 (94) 92 (97) 92 (98) 88 (98) 88 (98) 78 (89) 80 (91) 79 (91) 79 (90) 80 (91) 79 (91) 79 (91) 80 (91)
US-1 93 (94) 94 (93) 91 (98) 88 (97) 87 (97) 78 (89) 79 (90) 79 (91) 78 (90) 79 (91) 79 (91) 78 (91) 79 (91)
US-2 95 (95) 97 (96) 95 (95) 89 (98) 88 (98) 79 (90) 80 (91) 79 (91) 79 (91) 79 (91) 79 (91) 79 (91) 79 (91)
Japan swine 94 (95) 95 (94) 93 (92) 96 (95) 91 (98) 77 (90) 80 (91) 80 (91) 80 (91) 80 (91) 80 (91) 80 (91) 80 (91)
Japan 96 (96) 97 (95) 94 (94) 97 (97) 97 (98) 78 (90) 80 (92) 80 (91) 80 (91) 80 (91) 79 (91) 80 (91) 79 (91)
Mexico 85 (77) 84 (81) 83 (83) 85 (83) 83 (78) 85 (79) 78 (88) 81 (93) 80 (92) 80 (92) 80 (92) 80 (92) 81 (93)
New Chinese 83 (77) 83 (75) 82 (79) 83 (75) 83 (75) 84 (75) 82 (73) 79 (89) 78 (89) 78 (89) 78 (89) 78 (89) 79 (89)
Burma 85 (80) 84 (81) 86 (83) 86 (83) 85 (81) 85 (82) 89 (100) 82 (73) 93 (98) 94 (99) 94 (98) 96 (99) 93 (99)
China-1 85 (80) 84 (80) 85 (83) 85 (81) 84 (80) 85 (81) 90 (98) 82 (72) 98 (98) 98 (96) 93 (98) 93 (98) 98 (99)
China-2 86 (81) 84 (80) 85 (81) 85 (81) 84 (81) 85 (81) 90 (98) 82 (74) 98 (98) 98 (96) 93 (98) 93 (98) 98 (99)
India-1 85 (81) 84 (81) 85 (83) 86 (83) 85 (81) 86 (82) 90 (98) 82 (73) 97 (98) 97 (96) 97 (96) 93 (98) 93 (98)
India-2 85 (81) 85 (81) 85 (83) 86 (83) 85 (81) 85 (82) 89 (100) 82 (73) 99 (100) 97 (98) 97 (98) 97 (98) 92 (99)
Pakistan 86 (81) 85 (81) 86 (83) 86 (83) 85 (81) 86 (82) 90 (100) 82 (73) 98 (100) 99 (98) 99 (98) 97 (98) 98 (100)

a The values represent the percent identities of the nucleotide and amino acid (in parentheses) sequences for ORF2 (above the diagonal) and ORF3 (below the
diagonal).
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writing, only two isolates of the swine form of HEV (one
Japanese isolate and one U.S. isolate) have been fully se-
quenced (15, 16, 18); in addition, three human genotype 3
viruses (two U.S. isolates and one Japanese isolate) have been
fully sequenced (5, 21, 25). However, small fragments repre-
senting different portions of the genomes of several additional
isolates of genotype 3 viruses have been sequenced. We first
compared the full-length genomic sequence of Canadian HEV
strain Arkell to other full-length sequences of genotype 3 vi-
ruses (Fig. 3A). The Arkell HEV sequence was divergent from
the two classical-type HEV sequences and, along with the U.S.
and Japanese HEV isolates, formed a distinct branch among
the HEV isolates. Strain Arkell differed from the other HEV
isolates by at least 13 to 15%, suggesting the presence of
genetic variations among genotype 3 viruses (Table 1). Having
considered the geographic regions where the viruses were iso-
lated, it was noteworthy that both the US-1 and the US-2
human HEV isolates were closer to HEV isolate US swine (5,
17, 21), and similarly, the Japanese human HEV isolate was
closer to the Japanese swine HEV strain Japan swine than to
other HEV isolates from distant geographic regions (Fig. 3A).
The Canadian Arkell virus appeared to be distant from HEV
strains isolated from the United States or Japan. Although
several HEV sequences from pigs have been available in some
countries to date, only partial sequences have been deter-
mined. Furthermore, these partial sequences represent differ-
ent regions of the genome; therefore, it is not possible to
compare their sequences directly to each other. Despite these
limitations, however, we constructed two additional phyloge-
netic trees for genotype 3 HEV isolates by using the 242-
nucleotide region in ORF1 that encodes the methyltransferase
gene and the 304-nucleotide region in ORF2 that encodes the
ORF2 capsid protein gene (Fig. 3B and C). These trees also
suggest a possible geographic relatedness between human and
swine HEV isolates belonging to genotype 3. While further
information is required to make the observation valid, it is
tempting to speculate that the HEV strains identified in hu-
mans in certain areas may have been derived from HEV strains
circulating in pigs in the same geographic area, as it was ob-
served from the phylogenetic tree that the U.S. human HEV
isolates were closer to the U.S. swine HEV isolate, the Taiwan
human HEV isolates were closer to the Taiwan swine HEV
isolates, and the Japan human HEV isolates were closer to the
Japanese swine HEV isolate. Similarly, the European swine
HEV isolates were closer to the European human HEV iso-
lates, with some exceptions. This observation supports the hy-
pothesis that swine HEV isolates may be zoonotic agents from
pigs infecting humans.

DISCUSSION

Clinical cases of hepatitis E have been rare in Western
Europe, Oceania, and North American countries; and the
cases in these countries are often associated with travel to
regions where hepatitis E is endemic. Recently, HEV has been
identified in human hepatitis E patients in the United States,
where HEV is considered nonendemic, with no association
with international travel (13, 21). Subsequently, the HEV se-
quence has been identified in humans in Austria, Italy, Spain,
Greece, and Japan (19, 25, 32, 37). When the sequences of
these isolates are compared to those of two classical types of
HEV (designated genotype 1 and genotype 2 for the Asian and
Mexican genotypes of HEV isolates, respectively) (31), the
sequence identities are strikingly low (only 70 to 72%). In
parallel, an HEV strain has been isolated from pigs in the
United States (22), and it has been found that the nucleotide
sequence of this swine form of HEV is similar to the sequences
of the human HEV strains isolated from countries where HEV
is believed to be nonendemic. The U.S. human HEV strains
and the HEV strain US swine, all of which were isolated in the
United States, where HEV is considered nonendemic, show an
overall sequence identity of 91%, whereas the identities of the
nucleotide sequences of these strains compared to those of the
genotype 1 and 2 strains are 73 to 74% (Table 1).

No known clinical case of HEV in humans has been re-
ported in Canada, and accordingly, Canada has been consid-
ered free of HEV, at least in humans. Recent studies, however,
have revealed that a large proportion (38 to 88%, depending
on the areas tested) of commercial pigs become seropositive
for HEV by 6 months of age (36), suggesting active circulation
of HEV in Canadian swine herds. Indeed, a portion of the
HEV genomic sequence has been identified from the feces of
pigs, and the virus has been recovered from these pigs. This
piece of evidence demonstrates that HEV is truly circulating in
pigs and the virus is being shed in the feces of infected animals.
The HEV-infected pigs are clinically normal and do not exhibit
any abnormal symptoms as a result of the infection. Similar
serological observations have been made for pigs in the United
States, New Zealand, and Australia (3, 6, 22). All of these
countries are considered free of human HEV, but swine HEV
appears to be prevalent. A recent study with a relatively large
number of subjects (389 individuals in the United States who
work with swine) indicates that swine veterinarians are at
higher risk of HEV infection than healthy blood donors (17).
Independently from this study, swine farmers have also been
shown to have significantly higher levels of antibodies to HEV
(14). Thus, it seems that HEV in pigs may cross species bar-

FIG. 2. Nucleotide sequence alignments of the 3� UTR of different 3 HEV strains. Stop represents the translation termination codon of ORF2.
Asterisks indicate conserved nucleotides. Identical nucleotides are indicated by dots, and deletions are indicated by dashes.
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riers and be able to infect humans. HEV appears to be ubiq-
uitous in pig populations worldwide, as it has been demon-
strated in the United States, Canada, New Zealand, Australia,
Taiwan, Korea, China, Japan, Spain, India, and The Nether-
lands (1, 3, 6, 10, 14, 18, 19, 30, 36). Taking these facts together,
HEV is likely a zoonotic agent that is transmitted from pigs to
humans.

Except for the genomes of the prototype swine HEV strain
isolated in the United States and the swine HEV strain re-
cently isolated in Japan, whose full-length genomic sequences
have been determined, only small portions of the genomes
from other swine HEV isolates have been sequenced to date;
and the remainder of the genome is largely undetermined.
Accordingly, little is known about the genomic nature of the
swine form of HEV, while many strains of human HEV have
been completely sequenced. Sequencing of the HEV genome
is cumbersome. Difficulties include a lack of a virus cultivation
system, a relatively short period of a viremic state in vivo upon
infection, a low level of virus shedding in the feces, low degrees
of sequence homology among HEV isolates, and high G�C
contents in some parts of the genome. Naturally infected ani-
mals are healthy and have subclinical infections; therefore, it is
difficult to identify HEV-positive animals in order to collect
appropriate samples for evaluation. Despite these obstacles,
we have determined the full-length genomic sequence of a
swine HEV isolate directly from fecal specimens. The Arkell
strain of HEV isolated from pigs in Ontario, Canada, appears
to be genetically distant from the two classical types of HEV,
with sequence identities to the genotype 1 and 2 sequences of
only 73 and 74%, respectively. Instead, the Canadian Arkell
virus sequence is rather closely related to that of the prototype
swine HEV strain isolated in the United States and the swine
HEV strain recently isolated in Japan, and the sequences of
these isolates are some distance from those of both classical
types (Fig. 3A). When the full-length Arkell virus genomic
sequence is compared with those of genotype 3 HEV isolates,
the sequence identities appear to be much lower than expected
(only 87%). The phylogenetic studies indicate that the Cana-
dian Arkell virus represents a distinct variant among the ge-
notype 3 isolates (Fig. 3A). We have compared the sequences
of the individual ORFs of the Arkell virus with the respective
sequences of the ORFs of other swine HEVs, and very similar
phylogenetic observations have been obtained (Fig. 3B and C).
Partial sequences of swine HEV isolates have additionally
been identified in New Zealand and Spain (6, 19). Phylogenetic
studies with the available partial sequence of the ORF1 region
indicate that the New Zealand swine HEV isolate is closely
related to the European (Italy) human HEV isolate (88%
identity) (Fig. 3B) (32, 37). When the New Zealand swine
HEV isolate is compared to the Canadian strain, it is found
that they share 85% identity. The Spanish swine HEV strain
has 83.9% similarity to the New Zealand swine HEV in a
region of 304 nucleotides in ORF2. The Spanish human HEV
isolate and two Spanish swine HEV isolates share similarities
of 92.1 and 94.0%, suggesting a possible relatedness of the
swine and human HEV isolates in the same geographic region.
While further information is required, it seems that genetic
variations exist within genotype 3 HEV strains and that swine
HEV isolates may have infected humans in the same geo-
graphic region. A recent study with a collection of swine HEV

isolates recovered from six states in the United States also
demonstrates the sequence heterogeneity of swine HEV iso-
lates (10, 24).

Canadian swine HEV strain Arkell is distantly related from
HEV strain US swine, while HEV strain US swine is more
closely related to the U.S. human HEV isolates. In Canada,
approximately 2% of the general population and 2.4% of
Canadian external affairs employees have been found to be
seropositive for HEV (4, 35), and a higher rate (7.4%) of
positivity for antibodies to HEV has been shown among In-
dochinese immigrants. These cases are likely associated with
travel to and from areas where HEV is endemic. Despite the
absence of clear evidence of the active circulation of a human
form of HEV in Canada, it is tempting to speculate that if
HEV strains were isolated from humans residing in Ontario,
Canada, they would be more closely related to the Arkell HEV
strain than to the U.S. HEV strains. Recently, several new
swine and human HEV sequences have been identified in
China, where HEV is endemic, and in Taiwan, where HEV is
not endemic. Sequence comparisons indicate that these HEV
isolates are distant from the classical type of HEV but share
rather high degrees of similarity to each other. The newly
isolated Chinese HEV strain appears to be distinct from all
three known genotypes and has been suggested to be the
fourth genotype (31). Accordingly, swine HEV strains isolated

FIG. 3. Unrooted phylogenetic trees depicting the relationships of
the genomic sequences of swine and human HEV strains. (A) Full-
length genomic sequence; (B) 242 nucleotides encoding the nonstruc-
tural methyltransferase gene in ORF1; (C) 304 nucleotides encoding
the ORF2 structural gene. HEV strains isolated from pigs are under-
lined. The scales represent the number of nucleotide changes (nts).
The internal node numbers represent the bootstrap values as a per-
centage of trees obtained from 100 replicates. The GenBank accession
numbers for each sequence are presented in Materials and Methods.
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FIG. 3—Continued.
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in Taiwan are clustered within genotype 4, while swine HEV
strains isolated from imported U.S. pigs remain genotype 3
(33, 34). In contrast, swine HEV strains in India have been
identified to be genotype 4, whereas human HEV strains in the
same region remain genotype 1 (1). Further studies are re-
quired to verify the geographic relationship between human
and swine HEV strains.

Pigs naturally infected with swine HEV appear to be asymp-
tomatic and healthy. Since a large proportion of the human
population is reported to be seropositive for HEV and most of
these individuals are asymptomatic, swine HEV infection
seems mild. Swine is considered an attractive donor animal
species for xenotransplantation, and in this regard, swine HEV
is of concern as a potential xenogeneic agent that can be
transmitted from pigs to humans via organ transplantation,
especially under immunosuppressive conditions (35). All other
known swine HEV isolates reported to date have been identi-
fied in commercial swine herds, and our study is the first report
on the isolation of swine HEV from specific-pathogen-free
pigs. Our study indicates that swine HEV may be more widely
distributed in pigs than was previously thought and that it is
distributed not only in pig production units but also in animals
raised in a closed environment for specific purposes. It raises a
concern that potential donor pigs for organ transplantation
should be closely monitored for the presence of swine HEV,
even if they are housed under isolated conditions. The sensi-
tivities and the specificities of the enzyme-linked immunosor-
bent assay and reverse transcription-PCR used for detection of
HEV may need to be further elaborated, and the present study
may be helpful in improving such techniques.
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